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1. INTRODUCTION

Myelodysplastic syndromes (MDS) are a group of clonal hematopoietic disorders characterized by ineffective
hematopoiesis resulting in peripheral blood cytopenias of myeloid lineages, including anemia and neutropenia,
and a tendency to evolve into acute myeloid leukemia (AML). Limited understanding of the pathology of MDS
has been a major impediment for development of novel therapies. The recent discovery that splicing factor genes
are the most commonly mutated genes in MDS revealed that dysfunction of RNA splicing is a crucial pathogenic
pathway in this disease. Most of these mutations occur in SF3B1, U2AF1, SRSF2 and ZRSR2. Although several
studies begun to elucidate the effects of each of these mutations on splicing and hematopoiesis, many questions
remain open. In contrast to mutations of SF3B1, SRSF2 and U2AF1 (heterozygous missense mutations at
restricted residues, conferring an alteration of function), mutations of the X-linked ZRSR2 gene occur throughout
the transcript and usually occur as nonsense or frameshift mutations (pattern consistent with loss-of-function).
Additionally, ZRSR2 is predominantly important for U12 intron splicing, while the other three factors regulate
major intron splicing. Despite these differences, mutations in ZRSR2 are largely mutually exclusive with
mutations of SF3B1, SRSF2 and U2AF1; and moreover, like the other splicing mutations, leukemic cells with
mutated ZRSR2 appear to be preferentially sensitive to pharmacological inhibition of splicing. Thus, elucidating
ZRSR2 function in MDS will provide important insights into the role of aberrant splicing in the pathogenesis of
MDS, and will help development of specific therapies targeting cells bearing splicing mutations.

KEYWORDS
ZRSR2, myelodysplastic syndromes (MDS), splicing factor mutations, U12-type intron splicing

3. ACCOMPLISHMENTS
» Major goals of the project

Specific Aim 1: Determine how ZRSR2 mutations dysregulate downstream pathways, and contribute to
molecular features of myelodysplastic cells.

Specific Aim 2: Study biological implications of loss of ZRSR2 in normal and MDS marrow cells.

Specific Aim 3: Investigate the role of ZRSR2 in myeloid transformation using Zrsr2/Tet2-deficent
murine model.

» Accomplishments under these goals

Specific Aim 1: Determine how ZRSR2 mutations dysregulate downstream pathways and contribute to
molecular features of myelodysplastic cells.

1A. Activation of DNA damage response. RNA-seq data show that multiple splicing factor mutations, including
ZRSR2, widely target genes involved in DNA damage response, making DNA damage response a top candidate
for a convergent mechanism in MDS with spliceosome mutations. To examine whether ZRSR2-deficient cells
exhibit increased levels of DNA damage, we measured DNA damage with a pan-DNA damage marker H2AX-
pSerl139 (yH2AX) antibody, in leukemic cell lines (TF1, K562) stably transfected with either ZRSR2-shRNA or
Cont-shRNA. Immunostaining showed a small increase in YH2AX signals in ZRSR2-knockdown cells compared
to control cells (Fig.1).

1B. Analysis of R-loops levels. Elevated levels of DNA damage in cells with certain splicing factor mutations is
mediated at least in part through induction of R-loops in a splicing independent manner. To determine whether
increased R-loop formation occurs in ZRSR2-knockdown cells, we measured R-loops with S9.6, an antibody that
specifically recognizes RNA/DNA hybrids. Genomic DNA from stably transfected ZRSR2-shRNA or Cont-
shRNA cells was immunoprecipitated with monoclonal S9.6 antibody, spotted on nitrocellulose membranes and
stained with a secondary antibody. Results showed higher levels of R-loops in HEK293T, K562 and TF1 ZRSR2-



knockdown cells (Fig. 2). To strengthen these results, we used HEK293T cells stably transfected with either wild-
type (WT) or mutant (D210N or WKKD) RNASEH1, an enzyme that specifically degrades the RNA in R-loops.
D210N mutation abolishes catalytic activity of RNASEH1; WKKD mutation abolishes both binding and catalytic
activities of RNASEHL1 and is used for negative control. We generated HEK293T cells stably expressing either
V5-tagged RNASEH1 WT, D210N, or WKKD (vectors were a gift from Dr. D Zhang) and further transduced
the cells with either ZRSR2-shRNA or Cont-shRNA (Fig. 3). Dot blot analysis with S9.6 showed elevated R-
loops in ZRSR2-depleted RNASEH1 WT cells, which further increased in D210N expression cells, and not in
WKKD expression cells (Fig. 4). We are now using the ZRSR2-depleted/RNASEH1 expressing cells to map the
location of R-loops induced by loss of ZRSR2 with R-loop chromatin immunoprecipitation (R-ChlP), a technique
in which R-loops are immunoprecipitated by a RNASEH1(D210N), followed by standard ChlP-seq.

1C. ATR activation. ATR-CHK1 and ATM-CHK2 are two crucial pathways controlling the DNA damage
response pathway. Induction of R-loops by mutated splicing factor activates the ATR but not ATM pathway.
Cells with U2AF1 mutation show increased sensitivity to ATR inhibition, which is depended on the presence of
R loops. Similarly, we found that ATR inhibitor VE-821 reduced the viability of ZRSR2-knockdown TF1 cells
more than that of control cells (Fig. 5). We are now confirming these results in other ZRSR2-knockdown human
cell lines. In addition, we are using ATR inhibitors in combination with MDS-relevant drugs (e.g. spliceosome
modulators and hypomethylating agents) to test for synergy.

1D. Activation of innate immune signaling. Activation of innate immune signaling was proposed as another
unifying mechanism mediating the effects of splicing factor mutations in MDS. To test whether loss of ZRSR2
renders cells more sensitive to inflammatory stimuli and NF-xB activation, we treated TF1 ZRSR2 WT and
knockdown (shRNA) cells with either lipopolysaccharide (LPS) or tumor necrosis factor oo (TNFa) and measured
levels of p65 phosphorylation (p-p65), a marker for NF-kB activation. Western blot analysis showed increased p-
p65 levels in ZRSR2 knockdown cells compared with control cells following TNFa but not LPS treatment (Fig.
6). The reason for specific induction by TNFa and not LPS is unclear. A possible explanation is that loss of
ZRSR2 induces changes in genes that respond to TNFa but not to LPS stimulation.

1E. Distinct and convergent consequences of different splicing factor mutations. Though several studies
identified common mechanisms in MDS patients with different splicing factor mutations, these studies either
understudied or completely excluded ZRSR2. Also, many of the patient samples used contained additional
mutations in known myeloid neoplasms-driver genes, making it difficult to link spliceosome mutations with
downstream pathways. This prompted us to undertake a side-by-side analysis of carefully curated MDS samples.
We performed RNA-Seq on a cohort of 24 MDS bone marrow samples harboring solely spliceosome mutations
(SF3B1, SRSF2 P95 or frameshift deletion, U2AF1 S34 or Q157 hotspot mutations, and ZRSR2 truncating
alterations) and devoid of other frequently co-occurring mutations, and 8 samples without spliceosome mutation
as control, using the Illumina TruSeq Sample preparation kit. Results from this study are presented in a manuscript
we are currently writing (Appendix 1).

Specific Aim 2: Study biological implications of loss of ZRSR2 in normal and MDS marrow cells.

2A. Zrsr2 knockout mice. To investigate the role of ZRSR2 in normal hematopoiesis and leukemogenesis, we
generated a Zrsr2 knockout (KO) murine model. Male Zrsr2 KO mice were obtained at expected frequency and
did not display any apparent morphological abnormalities. RNA-seq analysis of total marrow revealed moderate
increased mis-splicing of U12-type introns in KO cells compared with WT cells. Detail phenotypic analysis of
hematopoietic compartments of both young (8-weeks old) and old (1-year old) Zrsr2 KO mice showed no
significant difference compared to their WT counterparts, suggesting that the increased mis-splicing is insufficient
to drive dysplasia. For example, no difference in peripheral blood cell counts, proportion and absolute numbers
of hematopoietic stem cells (HSCs) including long-term and short-term HSCs cells, or the numbers of myeloid
precursors was noted (Fig. 7). Similarly, frequency of mature myeloid cells in bone marrow and spleen of Zrsr2
KO mice were largely conserved (data not shown). Competitive bone marrow transplantation assays with Zrsr2
KO hematopoietic progenitor cells showed that their multi-lineage reconstitution potential is comparable with
that of WT cells (Fig. 8). Despite the lack of an obvious disease phenotype, our preliminary studies indicate that



analysis of mis-splicing events in bone marrow of Zrsr2 KO mice can provide valuable insights into the
importance of ZRSR2-induced splicing in hematopoietic differentiation. Particularly, when combined with data
from human cells, the murine data can point to common downstream pathways and help prioritize genes for
further studies.

2B. Gene expression and splicing alterations in murine Zrsr2 knockout myeloid progenitors. Our
preliminary splicing analysis of total bone morrow suggested that analyzing splicing alterations in Zrsr2 KO
murine myeloid precursors can be used to identify cell-type specific ZRSR2 downstream targets and pathways.
To investigate the consequences of Zrsr2-deficiency on splicing in specific hematopoietic lineages, we will
perform RNA-seq on FACS-sorted hematopoietic populations from bone marrow of Zrsr2 KO mice. In
preliminary analysis on sorted common myeloid progenitors (CMPs), granulocyte monocyte progenitor (GMPs),
and megakaryocyte erythroid progenitor (MEPS), we observed increased retention of U12-type introns in Zrsr2
KO cells compared with WT cells (Fig. 9). In contrast retention of U12-type introns in murine embryonic
fibroblasts (MEFs) reminded largely unchanged. there

2C. ZRSR?2 interacting partners. To identify ZRSR2 interacting proteins, we fused the C-terminus and N-
terminus of ZRSR2 to both biotin ligase (BirA*) and FLAG (V9595 and V9596, respectively). We transfected
ZRSR2-BirA*-FLAG or BirA*-FLAG into Flp-In T-REx 293 cells and established stable and inducible isogenic
cell lines £ZRSR2-BirA*-FLAG. Inducible expression of C-terminus (V9595) and N-terminus (V9596) tagged-
ZRSR2 fusion proteins was verified with doxycycline (tetracycline derivative) (Fig. 10). Biotinylated/tagged
proteins were immunoprecipitated and identified by mass spectrometry (Fig. 11). As accepted, known ZRSR2
binding partners including members of the SF3B complex, U2AF1, U2AF2 and SRPK1 were identified, and their
interaction with ZRSR2 was verified (Figs. 12-13). Novel partners that we verified include C1QBP and CCDC97
(Fig. 14). C1QBP is involved in metabolism and tumorigenesis and is known to associate with splicing factor
SRSF1 and inhibit its binding to RNA. CCDC97 associates SF3B members, however its function unknown. We
hypothesized that CCDC97 might regulate ZRSR2 expression and/or affect its splicing activity. We found that
knockdown of CCDC97 (shRNA) does not alter ZRSR2 expression (Fig. 15). gPCR analysis showed changes in
splicing of specific U2- and U12-introns and RNA-seq analysis further identified global splicing changes in
CCDC97 knockdown TF1 cells (Figs. 16-17). Knockdown of CCDC97 impaired growth and colony-forming
ability of TF1 cells (Fig. 18). We are currently studying further the affects of ZRSR2-CCDC97 interaction on
splicing and downstream cellular pathways.

2D. High-throughput drug screen. To identify genes and pathways that synergize with ZRSR2 loss, we
performed synthetic lethal screens using ZRSR2-deficient and control TF1 and K562 cells. For these experiments
we used two parallel screening platforms: 1) A library of siRNAs directed against the entire tyrosine kinome (91
family members) as well as N-RAS, K-RAS, and control scrambled siRNAs, 2) a small-molecule panel (~130
drugs) of FDA-approved or late-stage development compounds. The screens identified several potentially
interesting sensitivities in ZRSR2 knockdown cell lines. For example, the knockdown cells exhibited increased
sensitivity to sSiRNA targeting ERBB3/4, and to inhibitors of the MAPK pathway (RAF265, an inhibitor of WT
and oncogenic RAF, and CI-1040, a MEK1/2 inhibitor) (Fig. 19). Encouragingly, our pathway analysis of mis-
spliced genes in association with ZRSR2 mutations in MDS patients showed enrichment of genes in the MAPK
and ERBB signaling pathways. Interestingly, a germline ERBB3 variant was identified as a candidate for
predisposition to erythroid MDS/erythroleukemia (Braunstein et al., Leukemia. 2016). Our results suggest strong
dependencies of ZRSR2-deficient cells on MAPK and ERBB pathways for their viability; and, importantly,
MAPK and ERBB inhibitors may be effective in patient with ZRSR2 mutations.

2E. ZRSR2 knockdown induces nonsense-mediated mRNA decay. Intron retention events induced by ZRSR2
mutations frequently introduce premature stop codons which can lead to either truncated products or induce
nonsense-mediated mMRNA decay (NMD). To test whether loss of ZRSR2 induces NMD, we used cycloheximide
to inhibit NMD in ZRSR2 knockdown TF1 and K562 cells and measured and measured the effect on specific
abnormal intron retention events (e.g. MAPKL intron 2, MAPK®9 intron 7). Cycloheximide treatment resulted in



increased expression of some of transcripts with retained introns, suggesting that these transcripts are degraded
by NMD (Fig. 20)

Specific Aim 3: Investigate the role of ZRSR2 in myeloid transformation using Zrsr2/Tet2-deficent murine
model.

3A. Zrsr2/Tet2 double KO mice. In MDS, mutations of ZRSR2 frequently co-occur with loss-of function
mutations of TET2. To understand the cooperativity between these two genetic aberrations in the pathogenesis of
myeloid disorders, we are generating Zrsr2/Tet2 double KO mice. We will assess hematopoiesis and development
of leukemia in the in the double KO mice.

3B. ZRSR2 + TET2 mutations in MDS samples. To assess gene expression and splicing changes caused by
combined loss of TET2 and ZRSR2 in human cells, we performed RNA-seq on MDS bone marrow harboring
either ZRSR2 mutation alone, TET2 mutation alone or ZRSR2 + TET2 mutations. We are currently analyzing the
data using our Mis-Splicing Index.

3C. Combined silencing of ZRSR2 and ZRSR1. The ZRSR2 gene has a closely related paralog, ZRSR1; human
ZRSR1 is a pseudogene of ZRSR2, murine Zrsrl is a protein coding gene (Fig. 21). We reasoned that Zrsrl likely
compensates for loss of Zrsr2. We are now studying the effects of loss of both Zrsr1 and Zrsr2 on hematopoiesis
and splicing in myeloid cells. We generated murine myeloid 32D cells deficient in both ZRSR1 (RFP+) and
ZRSR2 (GFP+). However, knockdown efficiency was low and those cells were outcompeted (Figs. 22-23). We
then silenced Zrsrl in Zrsr2 KO progenitors (Lin'Kit"). Colony assays and in vitro competitive proliferation
assays showed that cells deficient for both genes formed fewer colonies and had a proliferative disadvantage over
cells with knockdown of Zrsr2 alone (Fig. 24). RNA-seq analysis showed that silencing Zrsrl in Zrsr2 KO
myeloid cells further affected splicing of U12-introns compared to Zrsr2 KO cells withour silencing of Zrsrl
(Figs. 25-26). We are now deleting Zrsr2 gene in 32D cells using CRISPR/Cas9 (Fig. 27). We will then use Zrsrl
shRNA to generate cells with knockdown of both Zrsrl and Zrsr2. In future, we will generate Zrsr1/Zrsr2 double
KO mice and study the mice for hematopoiesis and development of myelopoiesis.
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Nothing to Report
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4. IMPACT
» Impact on the development of the principal discipline(s) of the project

Our work helps clarify the mechanistic basis for the pervasive nature of splicing disruption in MDS, leading to
an overall better understanding of the disease. Over the longer term, this study may help guide design of novel
therapeutic strategies that will improve the health and lives of patients with MDS and related diseases.
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Distinct and convergent consequences of splice factor mutations in

myelodysplastic syndromes



Abstract

Myelodysplastic syndromes (MDS) are characterized by recurrent somatic alterations
often affecting components of RNA splicing machinery. Mutations of splice factors
SF3B1, SRSF2, ZRSR2 and U2AF1 occur in >50% of MDS. To assess the impact of
spliceosome mutations on splicing and to identify common pathways/genes affected
by distinct mutations, we performed RNA-sequencing of 32 MDS bone marrow
samples harboring solely spliceosome mutations (including SF3B1, SRSF2 P95 or
small deletions, U2AF1 S34 or Q157 hotspot mutations and ZRSR2 truncating
alterations), but devoid of other co-occurring mutations. We uncover the landscape of
splicing alterations in each splice factor mutant MDS and demonstrate that SRSF2
deletions cause highest number of splicing alterations compared with other
spliceosome mutations. Although the mis-spliced events observed in different splice
factor mutations were largely non-overlapping, a subset of genes, including EZH2,
were aberrantly spliced in multiple mutant groups. Pathway analysis revealed
dysregulated biological processes including RNA splicing and transport as well as
several signaling cascades, which were observed repeatedly in different mutant
groups, suggesting converging biological consequences downstream of distinct

spliceosome mutations.



Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of hematological
disorders characterized by impaired myeloid differentiation, dysplasia, peripheral
cytopenia and anemia. MDS is associated with aging and about 1/3™ of the cases
progress to acute myeloid leukemia (AML)Y2. Clinically, MDS is categorized into
several distinct subtypes based on percentage of blasts, lineage affected, presence of

ring sideroblasts and karyotype.3

Recurring genetic abnormalities are observed in a majority of MDS patients, with
somatic mutations of spliceosome genes being most prevalent, affecting about 60%
of cases*®, suggesting that aberrant spliceosome function is a key determinant in
pathogenesis of MDS. The spliceosome genes frequently mutated in MDS include
SF3B1, SRSF2, U2AF1 and ZRSR2; and proteins encoded by each are involved in
recognition of 3’ splice site®, suggesting a common biological outcome. Mutations of
spliceosome genes are early genetic events and occur mutually exclusive of each
other®’. Functional studies have characterized splicing signatures associated with
each spliceosome mutation and identified mis-spliced genes downstream of each
mutation®8, However, splicing changes were investigated usually in diverse cellular
background with each study focusing on single splice factor. Murine models of
common mutant alleles (U2AF1-S34F, SRSF2-P95H, SF3B1-K700E) have enabled
elucidation of hematopoietic and splicing defects caused by these splice factor
mutationst®1215  however, intronic sequences and exonic regulatory elements in
human and mouse are poorly conserved. Therefore, mis-spliced genes identified in
mouse models may not recapitulate the changes observed in clinical samples carrying

these mutations. Therefore, the conundrum whether spliceosome mutations affect a



shared set of transcripts or biological processes in MDS needs to be carefully

evaluated.

To address the functional outcome of different spliceosome mutations, we analyzed
RNA splicing in MDS bone marrow samples harboring mutations of four different
spliceosome genes in a single cohort. Our collective in-depth analyses of dysfunctional
splicing in different mutant group uncovers a subset of genes aberrantly spliced in
more than one mutant group. We also identified common biological pathways including
RNA processing and splicing which are affected in different splice factor mutant MDS,

indicating functionally convergent outcomes of distinct mutations.

Methods

RNA extraction and sequencing of MDS bone marrow samples

Bone marrow aspirates of MDS were obtained from the MLL Munich Leukemia
Laboratory. Informed consent was obtained in accordance with the Declaration of

Helsinki and approved by the Institutional Review Board of the MLL.

RNA was extracted from bone marrow mononuclear cells using Qiagen RNeasy Mini
Kit (Qiagen). cDNA libraries were prepared using TruSeq RNA Sample Preparation
Kit (Illumina) according to the manufacturer’s protocol. polyA-selected RNA was used
for library preparation and paired end adapters were ligated to DNA fragments prior to

amplification and sequencing on HiSeq 4000.

Differential gene expression analysis



RNA-seq reads were mapped to mouse hgl9 genome using STAR aligner.® Mapped
reads of each gene were used to identify gene expression by featureCounts.?® Gene
expression counts were further normalized among samples based on the total
numbers of all mapped reads. Differentially Expressed Genes (DEGs) were then
identified from the normalized gene-level counts using the cut-off values for fold-

change of 2 and adjusted p value of 0.05.

Splicing analysis

For the splicing analysis, we used our previously established pipeline.'® Briefly, we
utilized the difference in Mis-splicing Index (AMSI) to evaluate the variance in splicing
efficiency between spliceosome mutant and WT MDS samples and used the AMSI
values between the replicates to estimate the background noise. We further classified
all the altered splice events as either intron retention, cryptic splice site usage
(including alternative 5’/3’ splice sites) or altered exon inclusion/exclusion. The RNA-
seq junction reads at genomic and transcriptome locations were applied for
characterization of the ratio of the productive transcript expression to the alternatively
spliced expression. New amino acid sequences and premature termination codon

sites of discovered splice events were predicted according to transcript annotation.

Pathway enrichment analyses

DAVID functional annotation analysis (https://david.ncifcrf.gov/) was utilized to
identify enriched KEGG pathways in the DEGs as well as differentially spliced genes.

Gene Set Enrichment Analysis (GSEA)?! was used to identify enriched Hallmark gene



sets in the database MSigDB 6.1 comparing gene expression profiling between MDS

samples with spliceosome mutations and those without mutations of splice factors.

RTPCR analysis for splicing of XBP1 and EZH2

Transcript levels of unspliced and spliced XBP1 were estimated using RT-PCR. RNA
was treated with DNase | and reverse transcribed using Maxima First Strand cDNA
Synthesis Kit (Thermo). cDNA was amplified using primers
CCTGGTTGCTGAAGAGGAGG and CCATGGGGAGATGTTCTGGAG and resolved
on 3% agarose gel. Intensity of PCR bands corresponding to unspliced (145 bp) and

spliced XBP1 (119 bp) were determined using ImageLab software (Biorad).

Aberrant splicing of EZH2 was assessed using quantitative RT-PCR with two primer
pairs: TTTGGACAGAAGATTCATTGAATG and CGTTTTGGTGGGGTCTTTATC
(PCR 1) and CCAACACTTATAAGCGGAAGAAC and

AAATCCAACAGGCAATATATACCC (PCR 2).

Results

Global profiling of mis-splicing in different spliceosome mutant MDS

To identify splicing changes caused by different spliceosome mutations, we selected
MDS samples harboring mutations of either SF3B1, SRSF2, U2AF1 or ZRSR2 (Table
1). To preclude the effect of other genetic alterations on RNA splicing, samples were

carefully chosen to avoid accompanying mutation in other commonly mutated genes.



We screened a panel of 36 genes usually altered in myeloid diseases (Supplementary
Table 1) using targeted sequencing and selected samples with a lone mutation in one
of the four splice factor gene. For SRSF2, apart from the P95 hotspot mutation, we
also selected rare samples with small deletions in SRSF2 gene (SRSF2 del) (Table
1). In total, we performed RNA-sequencing on poly-A selected RNA from 24 MDS
bone marrow with spliceosome mutation and eight samples without spliceosome

mutation as control.

We quantified splicing defects that occur in different mutant groups using the approach
described previously!®. Global splicing alterations were profiled by subtracting the
average mis-splicing index (MSI) of the eight MDS samples without spliceosome
mutations (splice factor wild-type MDS: SF WT MDS) to obtain the AMSI value for
every splicing event in each spliceosome mutant sample. These analyses were
performed for different splicing events categorized as aberrant intron retention, altered
exon inclusion/exclusion and cryptic splice site usage. First, our global profiling using
principal component analysis (PCA) resulted in segregation of samples belonging to
different mutant groups in one or more splicing categories (Figure 1A-C). For instance,
SF3B1 mutant samples clustered together in our analysis of cryptic splice site usage
distinct from other mutant samples (Figure 1B), while intron retention profiling
segregated ZRSR2 mutant samples from other spliceosome mutant MDS samples
(Figure 1A). Interestingly, MDS samples with SRSF2 del were clustered together in
all three mis-splicing classes, separated not only from samples with other splice factor
mutations but also from the SRSF2 P95 hotspot mutants (Figure 1A-C). On the
contrary, U2AF1 mutant samples did not cluster in any of our analyses, indicating they
do not exhibit specific and robust mis-splicing changes (Figure 1A-C). However, when

we checked differential splicing in U2AF1 mutant samples compared only to the SF



WT MDS, we obtained two distinct clusters which segregated them according to
mutation sites — S34 and R156/Q157 (referred to as U2AF1 Q157 mut)
(Supplementary Figure 1), indicating distinct splicing consequences of these two

hotspots, similar to the findings in previous reports.8?°

Next, we determined differential splicing events for each mutation group with 10% as
the cutoff value for AMSI. We further required significant change in splicing (Fisher’s
exact test; p<0.01) in at least 75% pairwise comparisons (mutant vs SF WT MDS). As
shown in Figure 2A-C, we observed distinct clusters of differentially mis-spliced events
in each mutant group, except for U2AF1 mutant samples, which showed largely non-

overlapping splicing changes within the group (Figure 2A-C).

This analyses also revealed an overall low overlap of mis-spliced events downstream
of different spliceosome mutations in MDS (Figure 2A-C and Supplementary Table 2).
Although all spliceosome mutant MDS bone marrow exhibited significantly higher
number of mis-spliced events compared to the SF WT MDS samples, SRSF2 deletion
associated with the overall largest number of mis-splicing events amongst all groups
(Figure 2D and Supplementary Figure 2A). Samples with mutations of either ZRSR2,
SF3B1 or SRSF2 del exhibited consistent mis-splicing events across pairwise
comparisons, while splicing changes downstream of U2AF1 S34, U2AF1 Q157 or
SRSF2 P95 mutations showed variability in different samples (Supplementary Figure
2B). We also analyzed the proportion of productive transcript expression for genes
aberrantly spliced in different splice factor mutant samples. Although we detected
similar total expression for these genes in the mutant and SF WT samples, the levels
of productive transcripts were reduced by 30-40% in mutant samples compared to SF

WT samples, irrespective of the mutation type (Figure 2E).



Mis-splicing signatures in different splice factor mutant samples

Our analysis showed that SF3B1 mutant samples exhibited predominantly increased
usage of non-canonical splice sites (Figure 2D), which is congruent with the published
results.11-1322 Amongst events with usage of abnormal splice sites, splicing to cryptic
3’ splice site was prevalent only in SF3B1 mutant samples compared with other splice
factor mutant MDS (Figure 3A). Increased use of cryptic splice sites in cells harboring
SF3B1 mutation was possibly caused due to weaker 3’ splice sites in SF3B1 mutant

samples compared to other mutant groups (Supplementary Figure 3A).

Aberrant intron retention was the major splicing defect in ZRSR2 mutant samples
(Figure 2D). Impaired splicing affecting primarily the U12-type introns, similar to the
pattern we have described before'®, was exclusive to ZRSR2 mutant MDS, while other
splice factor mutations did not display any propensity towards selective mis-splicing of
U2-type vs Ul2-type introns (Figure 3B). Intron retention events resulted invariably in
transcripts with premature termination codon in the three mutant groups (SRSF2 del,
U2AF1 S34 and ZRSR2 mut) with substantial number of retained introns

(Supplementary Figure 3B).

In accordance with previous reports,'#1%23 SRSF2 P95 missense mutation resulted in
enrichment for the CCNG motif in exons preferentially included and for GGNG motif in
preferentially excluded exons (Figure 3C). Interestingly, two samples with the in-frame
deletion involving P95 residue, which showed a significantly higher rate of aberrant
splicing than the P95 missense mutant MDS samples (Figure 2D), exhibited stronger
enrichment for the CCNG motif in preferentially included exons. The enrichment for
the GGNG motif in the repressed exons was similar in both P95 mutant and deleted

MDS samples (Figure 3C). These observations indicate an essential role of P95



residue in recognition of exonic splicing enhancers and that its mutation or loss alters
RNA binding ability of SRSF2 leading to enhanced inclusion of exons containing
CCNG motif. In contrast, the non-P95 SRSF2 del sample (SRSF2 mutant 6) showed
enhanced exclusion of exons with both CCNG and GGNG motifs, suggesting
alternative consequences on exon recognition and RNA splicing. Overall, we also
noted that there was a low overlap of significantly mis-spliced events between the P95

and SRSF2 del groups (Supplementary Figure 3C).

The two U2AF1 hotspot mutations, S34 and Q157, generally affected low number of
largely non-overlapping splicing events within each group compared with other splice
factor mutations (Figure 2A-D). However, as previously described,??* the two U2AF1
mutations affected splicing of discreet subset of genes (Supplementary Figure 3D),

indicating that both hotspot mutations trigger distinct downstream splicing events.

Genes affected by different spliceosome mutations are largely distinct

Prior studies investigating splicing changes caused by mutations of either SRSF2,
SF3B1, U2AF1 or ZRSR2 using different in vivo and in vitro models have indicated
distinct splicing signatures.®1825 In the present study, non-overlapping nature of mis-
splicing events was also evident in the different mutant groups (Supplementary Table
2). However, we identified that splicing of 115 genes was commonly altered in two or
more spliceosome mutant groups (Figure 4A). This included increased expression of
an EZH2 isoform containing a ‘poison’ cassette exon in SRSF2 mutant (both P95 and
deletion samples) and U2AF1 mutant samples (Figure 4B-C). Our quantitative RT-
PCR analysis verified aberrant splicing to this atypical exon (located in intron 9)

containing a premature stop codon, in SRSF2 and U2AF1 mutant samples (Figure 4D).
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Surprisingly, some of the SF3B1 mutant MDS samples also had a trend towards
increased mis-splicing of EZH2, suggesting loss of EZH2 expression is a common
event in SRSF2, U2AF1 and SF3B1 mutant MDS. Other than EZH2, 10 other genes
were mis-spliced in more than two mutant group (Figure 4A). These genes may

represent possible common mediators downstream of spliceosome mutations.

U2AF1 S34 and Q157 mutations altered splicing of distinct sets of introns, with only a
single event in TAPT1 gene shared in two groups (Figure 4A and Supplementary
Figure 3D). We observed that the frameshift spliced variant of XBP1 (sXBP1) occurred
at higher levels in Q157 mutants compared to S34 mutants, suggesting increased ER
stress and activation of unfolded protein response (UPR) pathway in Q157 mutant
MDS (Supplementary Figure 4). Amongst other splice factor mutations, SRSF2 P95

mutant samples also exhibited increased splicing of XBP1 (Supplementary Figure 4).

Pathways affected by mis-splicing in different spliceosome mutations

To gain further insights into the functional consequences of aberrant splicing in
spliceosome mutant MDS, we examined biological pathways commonly enriched in
significantly mis-spliced genes in different mutant groups. RNA splicing was the top
pathway significantly dysregulated in SRSF2 mutant (both P95 and del samples),
U2AF1 S34 and ZRSR2 mutant groups (Figure 5). In addition, RNA processing and
transport were also affected by aberrant splicing in multiple mutant groups (Figure 5),
suggesting dysregulation of RNA processes as one of the common biological
consequence of spliceosome mutation. Aberrant splicing of components of different
signaling networks in two or more mutant groups including AMPK signaling, NOD-like
receptor signaling, TNF-a signaling, MAPK signaling and EGFR signaling was also
evident (Figure 5). Genes encoding for components of protein processing in the
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endoplasmic reticulum were mis-spliced in SRSF2 P95, SRSF2 del and ZRSR2
mutant groups (Figure 5). In addition, heme metabolism, chronic myeloid leukemia
and apoptosis were other pathways relevant to MDS which were altered in both

SRSF2 and ZRSR2 mutant samples (Figure 5).

Gene expression profiling reveals dysregulated heme metabolism and cell cycle
regulation in spliceosome mutant MDS

We further performed global gene expression profiling of MDS samples to ascertain if
shared biological pathways are affected in different spliceosome mutant groups. Since
the MDS samples in our cohort were devoid of other common mutations in epigenetic
regulators and transcription factors, gene expression changes observed in our
samples truly reflect the effect of spliceosome gene mutation, possibly through altered
splicing of transcriptional regulators. GSEA revealed that genes involved in heme
metabolism were differentially expressed in all the spliceosome mutant MDS groups
compared with SF WT MDS (Figure 6 and Supplementary Table 3), possibly
contributing to perturbed erythropoiesis. We also identified dysregulated expression
of genes associated with cell cycle in different spliceosome mutant MDS groups, which
resulted in enrichment of cell cycle related gene sets (E2F targets and G2M checkpoint)

(Figure 6 and Supplementary Table 3).

Discussion

Highly recurrent mutations in genes encoding for splice factors provide compelling
evidence of the role of dysregulated RNA splicing in pathogenesis of MDS. Initial

studies to decipher the consequences of spliceosome mutations utilized diverse
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models, both in vitro and in vivo, and primarily focused on a single mutation. Although
these studies provided evidence of increased mis-splicing in spliceosome mutant MDS
and recognized mis-splicing pattern specific to each mutation, use of different cell
types - either human or murine - did not allow a definitive comparison of splicing
changes downstream of different mutations. Therefore, the question whether mutually
exclusive spliceosome mutations cause shared splicing changes remained unknown.
Qiu et al attempted to address this conundrum using RNA-mediated oligonucleotide
annealing, selection, and ligation coupled with next-generation sequencing of MDS
samples.?® Although only 5,500 splicing events were interrogated, the study concluded
that MDS-linked splicing signatures are primarily involved in cell cycle control and DNA
damage responses.?® Recently, CD34* bone marrow cells from MDS patients carrying
different spliceosome mutations were interrogated in a single cohort using RNA-
sequencing. Although the impact of SRSF2, SF3B1 and U2AF1 mutations on splicing
was distinctive, some common dysregulated pathways including RNA splicing, protein
synthesis and mitochondrial dysfunction were observed.?” More recently, splicing
changes and transcriptional consequences of abnormal RNA splicing were also

investigated in a large cohort of MDS samples.?*

In accordance with these previous reports, our analyses defined largely distinct
splicing patterns for the four frequently mutated splice factor genes, albeit a small
subset of genes commonly mis-spliced in different groups was identified. Amongst
these, we verified that splicing to a ‘poison exon’ of EZH2 gene occurred in U2AF1,
SRSF2 and SF3B1 mutant cases, highlighting suppression of EZH2 as one of the
common consequences of splice factor mutations in MDS. EZH2 encodes for the
catalytic subunit of the polycomb repressive complex 2 (PRC2), which possesses

H3K27 methyltransferase activity. Importantly, EZH2 is located at chromosome 736,
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a region frequently deleted (-7 and 7g-) in MDS. Inactivating mutations of EZH2 are
also observed in MDS, which are associated with its decreased expression level.28-32
Importantly, deletion of Ezh2 in mice results in MDS/MPN-like diseases,?® thus
substantiating the pathogenetic role of EZH2 deficiency in development of disease.
However, scarce detection of aberrant splicing in other MDS/AML-related genes in
splice factor mutant MDS and little overlap of mis-spliced events between different
mutant groups suggests that multiple splicing events, rather than a single event, may

collectively contribute to the pathogenesis of MDS.

In addition to the well-described missense mutation at proline 95 in SRSF2 gene, we
also analyzed MDS cases with small deletions; two cases with identical 24- nucleotide
in-frame deletion including P95 and one case with frameshift deletion at arginine 150
residue. These rare deletions affecting SRSF2 have been previously reported in MDS
and CMML,33-37 however, their consequences on splicing have not been investigated.
We observe that these microdeletions of SRSF2 caused a greater impact on aberrant
splicing compared with the P95 missense mutation. While deletion of P95 residue
alters exon recognition via preferential recognition of C-rich exonic splicing enhancer
motif, similar to P95 missense mutation, non-P95 frameshift deletion does not show
this specificity. This is in agreement with the described role of P95, which is located in
RNA recognition motif of SRSF2, in sequence specific RNA binding to regulate

alternative splicing.14:3839

Despite largely non-overlapping mis-spliced events observed in MDS harboring
different spliceosome mutations, the genes affected by altered splicing in different
groups converged into several common biological pathways. These included RNA
processing, transport and splicing, indicating dysregulation of RNA machinery as a
common consequence of splice factor mutations in MDS. Recently, similar enrichment
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of RNA processing and splicing genes in MDS carrying mutations of SF3B1, SRSF2
and U2AF1 was also reported.?’ Liang et al also observed that SRSF2 P95H mutation
affected splicing of several members of the hnRNP and SR families of proteins and
suggested a “splicing-cascade” phenotype wherein mutation of a single splicing factor
leads to widespread modifications in multiple RNA processing and splicing proteins.*®
Other commonly dysregulated pathways that we identified included various signaling
pathways, disruption of which possibly impedes growth and differentiation of myeloid
cells. For instance, mitogen-activated protein kinase (MAPK) signaling is vital to self-
renewal and differentiation as well as cell survival and apoptosis.*®4! In addition,
splicing of genes encoding for members of AMPK signaling pathway is altered in
SF3B1, SRSF2 and ZRSR2 mutant MDS. This signaling pathway displays tumor
suppressor activity in AML through the repression of mTOR-dependent translation.
4243 However, sirtuin signaling pathway, which was significantly dysregulated across
the mis-spliced genes in SF3B1, SRSF2 and U2AF1 mutant MDS samples in a recent

study,?’ was not enriched in any of the splice factor mutant groups of our cohort.

Overall, this study profiles splicing alterations and identifies targets of each
spliceosome mutation in MDS. It also illustrates that despite distinctive consequences
of different splice factors mutations on RNA splicing, genes affected by aberrant
splicing converge in common dysregulated pathways and processes, many of which
can be either directly related to disease pathophysiology or are prospective novel

mediators of disease and need to be further investigated.
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Figure Legends

Figure 1. Principle component analysis (PCA) based on global profiling of
aberrant splicing in spliceosome mutant MDS samples. (A-C) Splicing events
were categorized as intron retention (A), cryptic splice site usage (B) and altered exon

inclusion/exclusion (C) for PCA analysis.

Figure 2. Clustering of mis-spliced events in spliceosome mutant MDS
compared to SF WT MDS. (A-C) Heat maps show cluster of significantly mis-spliced
events for each mutant group. Splicing events were categorized as intron retention (A),
cryptic splice site usage (B) and altered exon inclusion/exclusion (C). (D) Number and
type of significant splicing changes identified in each group bearing a single
spliceosome mutation. (E) Fold change in average expression of total and productive
transcripts in mutant samples compared to SF WT MDS samples for significantly mis-

spliced genes.

Figure 3. Splicing signatures for different splice factor mutant MDS samples. (A)
Proportion of 5 and 3’ cryptic splice sites in different splicecosome mutant MDS
samples. (B) Frequency of Ul2-type intron-containing genes aberrantly spliced in
MDS samples harboring mutations of spliceosome genes. (C) Relative frequency of
CCNG and GGNC motifs in differentially spliced exons (significantly included or

excluded) in individual SRSF2 mutant MDS samples.
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Figure 4. Aberrant splicing of EZH2 is a common event in different spliceosome
mutant MDS samples. (A) Genes mis-spliced in two or more mutant groups. Genes
aberrantly spliced in >2 spliceosome mutant MDS are highlighted in red. (B)
Representative IGV snapshot depicts normalized RNA-Seq reads mapped to the
genomic region encompassing exons 9-10 of EZH2 locus in different spliceosome
mutant MDS samples. (C) Proportion of RNA-seq reads supporting aberrant splicing
of EZH2. (D) Experimental verification of aberrant splice junctions of EZH2.
Quantitative RT-PCR analysis was performed using indicated primers to determine

relative levels of mis-spliced transcripts in mutant and control samples.

Figure 5. Functional enrichment analysis based on significantly mis-spliced
genes in spliceosome mutant MDS samples. Plots depict significant KEGG and
Wiki pathways (p value<0.05) commonly enriched in genes aberrantly spliced in

different spliceosome mutant MDS.

Figure 6. Gene expression profiling of spliceosome mutant MDS. GSEA plots of
heme metabolism and cell cycle-related gene signatures
(HALLMARK_E2F TARGETS and HALLMARK_ _G2M_CHECKPOINT) in

spliceosome mutant MDS. NES: Normalized enrichment score.
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Figure 2
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Figure 3
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Figure 6
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Figure 1. yH2AX analysis in ZRSR2 deficient TF1 cells
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Figure 2. Analysis of R-loops: Dot plots with S9.6 antibody
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Figure 3. Generation of RNaseHI(D210N) expressing cells

293T cells transfected with RNase HI WT/D210N/WKKD -V5 plasmid
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Figure 4. Analysis of R-loops in D210N RNaseHI expressing cells

Dot blot with $9.6 antibody B
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Figure 5. Effect of ATR inhibition (VE-821) on viability of ZRSR2 knockdown TF1 cells
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Figure 6. NF-kB signaling in ZRSR2 deficient TF1 cells

unstimulated TNF-a LPS
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Figure 7. Representative FACS plots of Zrsr2 WT and KO bone marrow cells
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Left: Lineage™ cells gated on c-Kit and Sca-1 to distinguish LK (Lin"ScalKit*) and LSK
(Lin"Scal*Kit*) cells. Middle: LSK cells co-stained with FIt3 and CD34 to distinguish
LMPP (lymphoid-primed multipotent progenitors), LT-HSC (long-term hematopoietic
stem cells) and ST-HSC (short term HSC). Right: LSK cells co-stained with CD16/
CD32 and CD34 to distinguish MEP (megakaryocyte-erythrocyte progenitors), GMP
(granulocyte-monocyte progenitors), and CMP.(common myeloid progenitors).



Figure 8. Zrsr2 deficient hematopoietic stem cells maintain multilineage reconstitution ability
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Figure 9. Loss of Zrsr2 impairs splicing of U12-type intron splicing in mouse hematopoietic cells
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Figure 10. Assembly of FLAG-BirA-ZRSR2 fusion constructs and generation of stable cells
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Figure 11. Putative ZRSR2 interacting partners identified in BiolD and FLAG-IP

o @ ouam
o @:uaoL

- @ 15000
o @oicanz
o @ 104301
® @ oo
® @iz
® @ szo61o
o @ stway
o @czaias
e @:o0HL
® @ oo
®@® s
@® ® ovicud
® o wun
@ e :cion
@ @ usine
@ @ e
@ e s
@ e 30
@O
[ ¥ EEEL
® @

- @ zaeas

. . EdVHHL

® @ :xaa

® @ ocan
® @ s
@@ unsan
Q@ s
® @ scidoH

ol

9595 7RSSR

9596_7ZRSR2

BiolD

rrL27A O

sFae5 O

nears O

rrL27 O O

RPL10A (D ©

MYBBPRLA O

rrLasa QO

rstipr - Q)
rrLe 0 O
csoa - O

rPL1IS (O O

rRPL13A Q O

emas Q QO
rRrL18 O O

rRPL13 QO O
rRrL7Q O
sFaBa Q O
rrL Q) O
rRsultQ o

srrk1 ) ©
pox21 ) O
reL7A D O
reLs @ O
reL3 D O
reLP2 Q) ©
ccoco’ Q Q
rerLa @ @
rPL6 @ @
rPLPO @ @
sras1e @ @
sraez ) @
sFrael @) @
ciger @ @

_HogF)s @ @

O596_ZRSR2

9585 _FRSR2

FLAG IP

Collaboration with Anne-Claude Gingras, Toronto




Figure 12. ZRSR2 interacts with components of SF3B complex
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Figure 13. ZRSR2 interacts with U2AF1-U2AF2 dimer and SRPK1
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Figure 14. ZRSR2 interacts with CCDC97 and C1QBP

9595 9596
Input (2%) IP: FLAG Input (2%) IP: FLAG
EV ZR EV ZR EV ZR EV ZR

9595 9596
Input (2%) IP: FLAG Input (2%) IP: FLAG
EV ZR EV ZR EV ZR EV ZR

- e

Western blot:

CCDC97

Western blot:

C1QBP

B

9595
Input (2.5%) IP:CCDC97 IP:lgG  IP:C1QBP
EV ZR EV ZR EV ZR EV ZR

270—
175 —
130—

95—
66—

52—

37—

- ®m

FBomee

9596
Input (2.5%) IP-CCDCO7 IP:IgG  IP:C1QBP
EV ZR EV ZR EV ZR EV 2R
270 —
175—
130 — -

95—

o O
Western blot:

66 —

52—

37—



Figure 15. Knockdown of CCDC97 does not effect ZRSR2 levels and vice versa
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Figure 16. gPCR analysis of splicing of U2- and U12-introns in CCDC97 knockdown TF1 cells
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Figure 17. Global splicing changes in CCDC97 knockdown TF1 cells
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Figure 18. Knockdown of CCDC97 impairs growth and colony-forming ability of TF1 cells
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Figure 19. Increased sensitivity of ZRSR2 TF1 knockdown

cells to inhibitors in a small-molecule screen.
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(A) ZRSR2 knockdown by western blotting in TF1 cells stably transduced with either
control vector or ZRSR2 shRNA vectors. GAPDH was used as endogenous loading
control. (B) Shown are small-molecule screen results for RAF265 (an inhibitor of WT
and V600E mutant BRAF) and CI-1040 (an ATP non-competitive MEK1/2 inhibitor).



norm alized intron expression

Figure 20. Effect of cycloheximide treatment on aberrant
MAPK1 intron 2 retention in ZRSR2 knockdown cells
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Figure 21. Expression of ZRSR2 and ZRSR1 in human and murine
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Figure 22. Identification of shRNAs targeting mouse Zrsri

B shRNAs screened in N1H3T3 cells

ZRSR1




Figure 23. Generation of Zrsr2 and Zrsr1 double deficient 32D cells
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Figure 23. Knockdown of Zrsr1 in Lin'Kit* myeloid precursors from WT and Zrsr2 KO mice
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Figure 25. Zrsr1 deficiency affects splicing of U12-introns in murine myeloid cells lacking Zrsr2
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Figure 26. Validation of retention of U12 introns in cells lacking Zrsr2 and Zrsr1
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Figure 27. Delete Zrsr2 using CRISPR/Cas9 in 32D cells
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Figure 28. Generate single cell clone with Zrs2 deletion using CRISPR/Cas9 in 32D cells
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